ABSTRACT Integrated quantum light sources in photonic circuits are envisaged as building blocks of future on-chip architectures for quantum logic operations. While semiconductor quantum dots have been proven to be highly efficient emitters of quantum light, their interaction with the host material induces spectral decoherence, which decreases the indistinguishability of the emitted photons and limits their functionality. Here, we show that the indistinguishability of in-plane photons can be greatly enhanced by performing resonance fluorescence on a quantum dot coupled to a photonic crystal waveguide. We find that the resonant optical excitation of an exciton state induces an increase of the emitted single-photon coherence by a factor of 15. Twophoton interference experiments reveal a visibility of 0.80 ± 0.03, which is good agreement with
our theoretical model. Combined with the high in-plane light-injection efficiency of photonic crystal waveguides, our results pave the way for the use of this system for on-chip generation and transmission of highly indistinguishable photons.
The proposal to perform quantum computation operations using only single photons and linear optics has motivated significant scientific efforts. 1 Within this scheme, an essential building block is a source that is able to emit single and indistinguishable photons with high efficiency.
The performance of semiconductor quantum dots (QDs) as integrated quantum-light emitters has been very promising for on-chip applications and integration in photonic quantum circuits. 2 Using optical excitation or electrical carrier injection, single QDs have proven to be excellent single-photon [3] [4] [5] and entangled photon-pair emitters. 6, 7 At the heart of the proposed protocols for two-qubit gates in linear optics quantum computation lies the interference of single-photon pulses on a beam splitter. Perfect two-photon interference (TPI) visibility can only be achieved when the two interfering photons are indistinguishable in terms of polarization, frequency, bandwidth and arrival times at the beam splitter. Even though emission of indistinguishable photons has been demonstrated using QDs, [8] [9] [10] the interaction of the carriers in the QD with the host semiconductor matrix has a detrimental effect on the coherence time of the emitted photons, which essentially limits indistinguishability. It has been
shown that under optical off-resonant and quasi-resonant (p-shell) excitation conditions, singlephoton coherence is limited by the electrostatic fluctuations in the QD environment and incoherent phonon-related relaxation mechanisms to the ground state. 8, 11, 12 The photon coherence time T 2 is highly dominated by the dephasing time T lifetime. In the absence of dephasing effects, the emitted single-photon pulses are Fourier transform-limited and T 2 = 2T 1 . Dephasing effects can be greatly suppressed by direct s-shell optical excitation and collection of highly-coherent photons has therefore been achieved by resonance fluorescence (RF). [13] [14] [15] [16] [17] [18] [19] [20] The major challenge in these experiments is the rejection of laser light, which is usually achieved using cross-polarization techniques. Using RF, photon indistinguishabilities close to unity have been reported. 17, 19 The vast majority of RF experiments on QDs are restricted to the emission of light out of the plane of the semiconductor chip. However, in the emerging field of photonic quantum information technology, it is highly desirable for the integrated quantum emitter to be able to emit highly indistinguishable photons into an on-chip quantum circuit. The integration of QDs in photonic circuits, in particular photonic crystal waveguides (PCWGs), [21] [22] [23] [24] [25] [26] [27] has extended the use of these emitters as integrated in-plane quantum light sources. These systems offer broadband operation, 20 efficiency 23, 28 and scalability. 27 Recently, the in-plane emission of indistinguishable photons from a PCWG under non-resonant excitation has been demonstrated. 29 There have been several recent attempts to use resonant excitation schemes in order to enhance the coherence properties of in-plane photons. [30] [31] [32] All of the experiments have been performed in ridge GaAs waveguides containing In(Ga)As QDs. Enhancement of the photon coherence time has been observed, as well as sub-Poissonian statistics for in-plane photons. In addition, out-ofplane single photons have been generated from a QD strongly coupled to a photonic crystal cavity under resonant excitation. 33 In this case, spectral detuning of the QD with respect to the cavity mode allowed for efficient stray light rejection by spectrally filtering light from the cavity mode. On the other hand, there have been no reports yet of RF in photonic crystal structures, presumably due to difficulties in stray laser light rejection. In this letter, we report the in-plane emission of highly-indistinguishable photons generated by RF on a QD coupled to a PCWG.
Compared to non-resonant optical excitation conditions, the RF-induced in-plane photons show an increase in coherence time by a factor of 15. We show that this enhancement has a direct impact on in-plane photon indistinguishability by measuring a maximum TPI visibility of 80%, limited by experimental imperfections. Our system for the generation and transmission of in-plane photons consists of a GaAs unidirectional PCWG slab with a layer of low-density InAs in the middle of the slab. In order to collect the in-plane photons, we added an out-coupling grating at the exit of the waveguide. 34 Its parameters were chosen in order to vertically scatter photons with a frequency matching the y-polarized fundamental propagation mode of the waveguide. 29 A graphic illustration of the principle of the experiment is shown in Fig. 1 (a) and a scanning electron microscope image of the device is shown in Fig. 1 
(b). A tunable continuous wave (CW) laser polarized along the x-
axis resonantly excites an excitonic transition in a QD coupled to the PCWG. y-polarized photons generated by RF are transmitted along the waveguide and are scattered vertically by the out-coupling grating. The polarization configuration of the excitation and emitted light implies that the excitonic state in the QD is a charged state. 35 The spatial separation of the excitation and collection spots, together with their orthogonal polarizations allows us to achieve an RF signal to stray laser light ratio of ~ 15. The in-plane spectrum from a QD excited by a non-resonant pulsed laser ( = 780 nm) is shown in Fig. 2(a) . The spectrum is dominated by an intense peak at 895.1 nm, attributed to a charged excitonic recombination from a QD. It is difficult to precisely determine the efficiency of the out-coupling grating but the detected count rates in this case are comparable to previous reports where the in-plane emission was collected directly from the exit of the waveguide. 23, 29 Calculations of the photonic band structure of an infinite PCWG using the plane-wave expansion method with the same parameters as the one used in the experiment show spectral matching of the emission at 895.1 nm with the fundamental y-polarized propagating mode. by the off-resonant illumination to the total detected count rates was less than 0.5%. Strong enhancement of the detected signal is observed when the tunable laser is on resonance with the excitonic transition of the QD (red line). A Gaussian fitting indicates a full width at half maximum (FWHM) of 6 eV, which corresponds to a T 2 of ~ 700 ps. However, as we show next, this value is underestimated, most probably due to spectral diffusion that causes an increase of the measured linewidth of the transition. The RF signal vanishes when the off-resonant illumination is turned off (black line in Fig. 2(b) ).
The in-plane single-photon coherence time was measured using a Michelson interferometer. A measure of the first-order correlation function is given by the photon interference visibility as a function of the relative time delay between the two arms of the interferometer. In the case of above band gap non-resonant excitation, the in-plane single-photon coherence time is measured to be 94 ± 4 ps ( Fig. 3(a) , blue squares), severely limited by the decoherence mechanisms The quantum nature of the in-plane emitted light was confirmed by performing autocorrelation measurements using a fiber-based Hanbury Brown and Twiss set up. For light detection, we used superconducting single-photon detectors (SSPDs) that allow us to achieve a high time resolution (100 ps). The second-order correlation function of in-plane RF photons is shown in Fig. 3(b) .
Contributions due to stray laser light (~ 6%) have been subtracted and the coincidences have been averaged over a time bin of 100 ps. 36 A pronounced dip at t = 0 is observed, with g (2) (0) = 0.02 ± 0.02 (raw data 0.10 ± 0.02). For longer positive and negative time delays, photon bunching is present with a characteristic time of 8 ns. Such an effect is commonly seen in resonant excitation experiments and is usually attributed to charge-related effects 37 and/or the interaction of the QD state with the nuclear spins in the local environment. 38 We used a previously developed model 39 for CW coherent excitation in QDs in order to reproduce our experimental data. The critical parameters are the measured emission lifetime and coherence time T 1 = 0.70 ns and T 2 = 1.47 ns, respectively, as well as the Rabi parameter that is related to the Rabi frequency. Under resonant excitation conditions, the second-order correlation function g (2) (t) is given by:
where and . The bunching effect has been included using an exponential decay with characteristic time constant T b = 8 ns.. At low excitation condition (with Rabi parameter = 0.01, which corresponds to 0.01 · (2 ) -1 Rabi cycles/ns), the model fails to reproduce the experimental g (2) (t) (Fig. 3(b) , blue dashed line), in particular the strong bunching observed at short positive and negative time delays (at t = ± 1.5 ns). On the other hand, a good agreement is achieved when we introduce a higher Rabi parameter = 2 (which corresponds to 2 · (2 ) -1 Rabi cycles/ns, Fig. 3(b) , red line). This is a direct confirmation of the RF origin of the in-plane photons. We stress that, even if the resonant character of the excitation has a direct impact on the second-order correlation function, the Rabi frequency is small ( = 2, Rabi frequency ~ 0.3 GHz) to induce beating effects in the first-order correlation data ( Fig. 3(a) ) within our time scale. This consistent with the single-photon interference visibilities calculated using the model described above. We confirmed the enhanced indistinguishability of in-plane single photons emitted by RF by performing TPI using a polarization-maintaining fiber-based Mach-Zehnder interferometer. 29 (raw data 0.18 ± 0.01). The degree of the in-plane photon indistinguishability is defined by the TPI visibility, which is given by V (t) = (g orth (2) (t) -g par (2) (t)) / g orth (2) (t). This post-selective measurement is valid since the temporal resolution of our set up is much shorter than the photon coherence time. In the case of photon detectors with temporal resolution comparable or longer than the photon coherence time, the photon indistinguishability is measured by the coalescence time window, as has been shown recently. 40 The TPI visibility under RF as a function of time delay is shown in Fig. 4(c) . The highest visibility is achieved at t = 0 and is found to be V (0) = 0.80 ± 0.03 (raw data 0.66 ± 0.04). Such a high visibility is the direct consequence of the resonant emission mechanism and the enhanced photon coherence time. The excitation mechanism has also a strong influence on the width of the visibility peak, shown in Fig. 4(c) .
When fitted with a Lorentzian function, the FWHM is 0.87 ± 0.06 ns. This is a 5-fold improvement over the previously reported value of 0.16 ns for in-plane photon emission under off-resonant excitation. 29 The theoretical curves (thick red lines) in Fig. 4 have been calculated using the following formulas: The red lines in all panels is the result of our model with a Rabi parameter = 2.
